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Abstract: The Ridracoli artificial basin is the main water reservoir of the Emilia-Romagna region
(Northeast Italy). The reservoir was made by construction of a dam on the Bidente River in 1982. It is
used as the main drinking water supply of the region and for hydropower production. The physical
and chemical parameterseters (temperature, pH, electrical conductivity, and dissolved oxygen) of
shallow water are continuously monitored whereas vertical depth profiles of water chemical data
(major anions and cations, as well as heavy metals) are available on a bimonthly base. The dataset
used in this research is related to the years 2015 and 2016. Data show that the reservoir is affected
by an alternation of water stratification and mixing processes due to seasonal change in water
temperature, density, and the reservoir water level. In late summer and winter months, the water
column is stratified with anoxic conditions at the bottom. During the spring, on the other hand, when
storage is at its maximum, water recirculation and mixing occur. The reservoir is characterized by a
dynamic system in which precipitation, dissolution, and adsorption processes at the bottom affect
water quality along the reservoir depth column. The temperature stratification and anoxic conditions
at the reservoir bottom influence the concentration and mobility of some heavy metals (i.e., Fe and
Mn) and, consequently, the quality of water that reaches the treatment and purification plant. This
study is relevant for water resource management of the reservoir. Assessing the seasonal changes
in water quality along the reservoir water column depth is fundamental to plan water treatment
operations and optimize their costs. The reservoir assessment allows one to identify countermeasures
to avoid or overcome the high concentrations of heavy metals and the stratification problem (i.e.,
artificial mixing of the water column, new water intakes at different depths operating at different
times of the year, blowers, etc.).
Keywords: geochemistry; artificial water reservoir; water quality; seasonal stratification; water
resource management
1. Introduction
Artificial reservoirs are man-made infrastructures, generally constituted by a dam across a river,
aiming at storing freshwater for consumptive (i.e., drinking or process water) and non-consumptive
(i.e., fisheries and recreational) human use, as well as to provide hydroelectric power. Dam construction
modifies the flow regime of natural water courses and the whole drainage basin in a relatively short
period of time [1–3] and can alter biodiversity both upstream and downstream [4–6].
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Lakes and reservoirs are studied around the world and their engineering, biological, geological,
and geochemical aspects have been extensively investigated. The major issues of particular relevance
to reservoirs and the assessment of their water quality are potential public health impacts due to
the spread and transmittal of diseases [7,8] or the release of contaminant from industries and urban
settlements adjacent to the reservoir; eutrophication [9,10]; thermal and density stratification; and the
associated chemical deterioration [11–13]. In reservoirs subject to thermal stratification, the suppression
of vertical transport processes at the thermocline normally allows an oxygen gradient to occur, which
can cause anoxic conditions to develop in the hypolimnion, favoring internal nutrient loading at the
sediment–water interface. This may cause the release of phosphorus [14], but also ammonium, iron,
and manganese from the sediments back into the water column [15,16] and create problems for water
users requiring a constant water quality.
Silting of reservoirs due to sediment transport and trapping in the river system, bank and shore
erosion and eventually bank and slope sliding cause a decrease in storage capacity and reservoir
lifetime, as well as water availability [17–20], and eventually affect water quality due to turbidity and
sediment-associated pollutants [21,22].
Reservoirs are, essentially, managed water bodies and, therefore, there is a particular need for the
managers to understand their physics, chemistry, and biology [23]. In order to manage large water
reservoirs in a sustainable manner and to minimize the occurrence of conditions that interfere with the
beneficial uses of their waters, regular collection and analysis of data are required. The aim of this
work is to assess the seasonal changes in water quality that may occur in the Ridracoli artificial basin,
the main water reservoir of the Emilia-Romagna region, in northeastern Italy. An extended database
consisting of continuous monitoring of physical and chemical parameters of shallow water, along with
vertical depth profiles, is used to assess seasonal stratification and mixing processes along the water
column [23,24]. Changes of the monitored parameters can affect the water quality of the reservoir and
do not guarantee an uninterrupted operation of the water management system. The importance of this
study relies on the implications that seasonal changes in water quality can have for water and reservoir
management, especially in terms of treatment and purification processes required for drinking water
production, cost optimization, and other countermeasures to overcome the negative effects related to
water stratification issue and dissolved heavy metal concentrations.
2. Study Area
Ridracoli water reservoir is located in the Casentinesi Forests—Campiglia National Park, between
Romagna and Tuscany, on the Northern Apennines of Italy (Figure 1). It is at 480 m a.s.l., has a surface
area of 1035 km2, a capacity of 33 × 106 m3 with a maximum depth of 82 m, and the total surface area
of the drainage basin is 87,510 km2. The climate is subcontinental and submountain, temperatures
range from a minimum of around −6 to a maximum of 30 ◦C, while the yearly mean precipitation is
1400 mm/year.
The construction of the dam began in 1975 and was completed in 1982 on the confluence between
Bidente river and Rio Celluzze creek in the province of Forlì-Cesena. Ridracoli reservoir is directly
fed by the Bidente catchment (about 36.9 km2) and indirectly by another nearby catchment of about
51.1 km2 through a gutter gallery, for a total surface of about 88 km2 (Figure 1). The dam is a
simple concrete arch gravity dam, 103.5 m high, with a crest 432 m long and a mass of 6 × 105 m3 of
concrete [25,26].
The landscape of the drainage area presents narrow and recessed valleys with rocky and densely
wooded slopes. This site has been chosen for a number of positive characteristics: a central location
with respect to the supplied area, guaranteeing an easy water distribution; good quality of the
resource because of the altitude of the catchment and the absence of sources of pollution; and suitable
morphology and geological features.
This site is also a nature reserve being part of the National Park, which favors the absence of
human settlements ensuring the absence of anthropic pollution sources. The forest cover ensures also a
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mitigation of the impact of rainfall on the ground, reducing solid particle transport, limiting both water
turbidity and reservoir siltation [27]. Monitoring of the hydrobiological regime of the basin indicates
oligotrophic and ultraoligotrophic waters, with small chlorophyll concentrations, poor development of
phytoplankton, and none revealed toxic events [28,29].
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showing the two water intakes at 490 and 540 m a.s.l. and the maximum and minimum water level. 
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deposited in the Tuscan-Umbrian portion of the Inner Periadriatic basin formed during the Miocene [30,31]. 
This basin was elongated in a NW–SE direction and represented a foredeep located in front of the growing 
Apennine orogenic wedge. In the area of the Romagna Apennines the MAF forms a belt 90 km long and 40 
km wide and reaches a thickness up to 3.5 km [30–32]. This deposit includes 14 members that differ according 
to lithology criteria as arenite/pelite ratio (A/P), average thickness of arenaceous levels, composition of 
arenites, and stratigraphic position [33]. In the Ridracoli reservoir catchment, the main MAF outcrops include 
the Members of Premilcuore and Galeata (Figure 2 and Table 1). The first one is the most arenaceous member 
of the late Burdigalian-Serravallian MAF; the respective body has a lenticular geometry and closes towards 
the south, causing the direct contact between the Corniolo Member and the Galeata Member. It is characterized 
by thick to medium layers, sometimes massive, with rare hemipelagic clays; the sandstone/pelite ratio (A/P) 
varies from 1/2 to greater than 2. It can reach a thickness of 150 m and its age belongs to the Langhian (15.97 ± 
0.05 Ma and 13.65 ± 0.05 Ma, Middle Miocene) [34]. The Galeata Member consists again in an alternation of 
pelite and sandstone, sometimes calcarenites and hemipelagic, with an A/P of about 1/2–1/3. The sandstones 
are organized from thin to thick and sometimes very thick. The member thickness is about 400 m and the age 
is attributed to the upper Langhian–lower Serravallian interval (around 13.82 Ma, Middle Miocene) [35]. 
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2.1. Geological Setting
The geology of the area presents units from the Successione Romagnola (Figure 2), dated from 20
to 11.6 millio s of years ago (Neogene; Mio ne; Burdigalian, Lang ian and Serrav llian) and includes
an alternation of andstones and marl called Marnoso- ren cea formation (MAF). T is formation is a
thick turbiditic unit deposited in the Tusca -Umbrian portion of the Inner Periadriatic basin fo med
during the Miocene [30,31]. This basin was elongated in a NW–SE direction and represented a foredeep
located i front of the growing Apennine orogenic wedge. In the area of the Romagna Apennines the
MAF forms a belt 90 km long and 40 km wide and reaches a thickness up to 3.5 km [30–32]. This deposit
includes 14 members that differ according to lithology criteria as arenite/pelite ratio (A/P), average
thickness of arenaceous levels, composition of arenites, and stratigraphic position [33]. In the Ridracoli
reservoir catchment, the main MAF outcrops include the Members of Premilcuore and Galeata (Figure 2
and Table 1). The first one is the most arenaceous member of the late Burdigalian-Serravallian MAF;
the respective body has a lenticular geometry and closes towards the south, causing the direct contact
between the Corniolo Member and the Galeata Member. It is characterized by thick to medium layers,
sometimes massive, with rare hemipelagic clays; the sandstone/pelite ratio (A/P) varies from 1/2 to
greater than 2. It can reach a thickness of 150 m and its age belongs to the Langhian (15.97 ± 0.05 Ma and
13.65 ± 0.05 Ma, Middle Miocene) [34]. The Galeata Member consists again in an alternation of pelite
and sandstone, sometimes calcarenites and hemipelagic, with an A/P of about 1/2–1/3. The sandstones
are organized from thin to thick and sometimes very thick. The member thickness is about 400 m and
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the age is attributed to the upper Langhian–lower Serravallian interval (around 13.82 Ma, Middle
Miocene) [35].
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Member % Age A/P (Lithology) Formation
Monte Falco 4.3 Upper Oligocene Pelite almost absent Falterona Mount (FAL)
Biserno 3.0 Langhian-Serravallian 0.2–0.33 Marnoso-Arenacea (MAF)
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Corniolo 15.6 Langhian-Serravallian 0.33–0.5 Marnoso-Arenacea (MAF)
Galeata 18.7 Langhian-Serravallian 0.33–0.5 Marnoso-Arenacea (MAF)
Montalto 0.2 Miocene 0.33–2 Falterona Mount (FAL)
Premilcuore 41.9 Langhian-Serravallian 1–2 Marnoso-Arenacea (MAF)
Scaglia Toscana 1.3 Upper Eocene-LowerOligoce e
Argillites, marly argillites
and silty marls Scaglia Toscana (STO)
Fosso Fangacci 0.2 Upper Oligocene-LowerMiocene <1
Siltstones of Fosso
Fangacci (SFF)
2.2. Water Reservoir Management.
The reservoir is managed by Romagna Acque Società delle Fonti S.p.A. and the primary use of the
reservoir is to supply drinking water to 48 municipalities in the provinces of Ravenna, Forlì-Cesena,
and Rimini, providing alone 50% of the entire water needs. The Romagna coast need a storage of
water that could replace groundwater wells and unregulated surface streams, as well as to store water
for about 1 million of people that usually move to the coastal area during the summer period. The
secondary function of the dam is the production of hydroelectricity for the surrounding area and
Romagna Acque’s own facilities.
The water routed to the Capaccio water treatment and purifying plant (Figure 1) is taken by two
intakes on the west side of the reservoir, at 490 and 540 m a.s.l., in order to control water uptake based
on temperature and turbidity (Figure 1). The two intakes converge and continue to the treatment
plants, 11 km downflow (Isola, Figure 1). The unloading system consists of different solutions: surface
spillways for water overflow when 559.60 a.s.l. is reached; middle spillway at 505.80 m a.s.l.
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connected downstream by a channel; a bottom discharge conduit at 478 m a.s.l. that guarantees the
minimum vital outflow of Bidente river, and another bottom discharge at 468 m a.s.l. that lets the
water flow directly to the riverbed.
The water from the reservoir reaches the treatment plant and then it undergoes oxidation with ClO2
or KMnO4 to remove organic substances, turbidity, and reduce iron and manganese concentrations.
After the clariflocculation treatment and filtration, the water is disinfected with ClO2 or NaClO, while
the sludge, which has been separated during the clariflocculation and filtration phases, is sent to a
waste collection tank.
All distributed water is thoroughly checked to ensure compliance with the current Italian national
legislation (D.M. 14 June 2017; [36]). The water produced and distributed by the Capaccio treatment
plant has excellent characteristics and could be classified as oligomineral (fixed residue is 50–500 mg/L)
and mineral (fixed residue is 500–1500 mg/L, D.Lgs. No. 105 of 25 January 1992; [37]).
3. Methods
The dataset used in this research was related to the years 2015 and 2016. Data of rainfall and
reservoir levels were collected from the control station of Ridracoli (565 m a.s.l., Figure 1), which
records continuous daily rain, air temperature, air humidity, wind, and atmospheric pressure.
Physical and chemical parameters (temperature—T, pH, electrical conductivity—EC, redox
potential—Eh, and Total Organic Carbon—T.O.C.), as well as chemical data (Fe, Mn, Al, Cl−, NO2−,
NO3−, SO42−, CaCO3, Na+, NH4+, K+, Mg2+, and Ca2+) of reservoir water at the intake of the water
treatment plant, are provided by the Capaccio laboratory in Santa Sofia, 10 km downstream Ridracoli
dam. A Mettler Toledo (mod. T90) with a Rondo autosampler (METTLER TOLEDO, Schwerzenbach,
Switzerland) was used for pH, EC, T, and alkalinity with a digital thermometer HD (Delta OHM Srl,
Padua, Italy). Anions and cations were analyzed with an ion chromatograph (mod. Dionex ICS 3000;
Thermo Fisher Scientific, Waltham, Massachusetts, MA, USA) following the methodology UNI EN
ISO 10304-1 [38] and UNI EN ISO 10304-4 [39]. Samples were acidified (5% of HNO3) prior the metal
analysis and then concentrations were measured with an ICP-MS (mod. Agilent 7800, Santa Clara, CA,
USA) following the methodology UNI EN ISO 17294-2 [40].
Reservoir samples collected in the Ridracoli water basin were taken from the sampling station
close to the dam structure where a floating device was anchored (Figure 1). Monitoring was carried
out with a bimonthly frequency by the Regional Agency for Prevention, Environmental and Energy of
Emilia-Romagna-Arpae (D.Lgl. 152/06 part III; [41]). Water samples were collected along the water
column at the surface and 10, 25, 40, and 50 m deep from the surface. It has to be highlighted that the
maximum depth of the monitoring sampling campaign by Arpae is always 50 m below the surface,
even if the reservoir has a greater depth. The dataset includes physical and chemical parameters: T,
dissolved oxygen (DO), pH, EC, and Total Dissolved Solids - TDS, and the following elements: HCO3−,
SO42−, Cl−, NO2−, NO3−, Na+, K+, Ca2+, Mg2+, NH4+, CaCO3, Fe, Mn, As, Zn, and Cu, along with
other heavy metals that are not discussed in the present study because of always being below the
detection limits (B < 50; Cd < 0.04; CrTOT < 1; Hg < 0.01; Ni < 1; and Pb < 1; µg/L).
With the aim of gathering more chemical and physical information on major and trace elements
distribution along the water column two more sampling campaigns were carried out in October 2015
and April 2016 by the University of Bologna (Italy) and CNR-ISMAR (Institute of Marine Science,
Italy). The selected timing was planned to compare the two extreme situations of reservoir volume:
maximum volume in April, after winter precipitation and minimum volume in October after the
summer withdraw and usage. Water samples were collected at the top, middle, and bottom of the
water column (0, 25, and 50 m in 2015 and 1, 35, and 70 m in 2016), at the same sampling station used
by Arpae campaigns (Figure 1). In order to record continuous chemical–physical parameters along
the column, the vertical profiles were carried out by a Niskin bottle (Osil Scientific International Ltd.,
Havant, Hampshire, UK) and a CTD probe (mod. Hydrolab MS5 (OTT Hydromet GmbH, Kempten,
Germany).
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4. Results
4.1. Reservoir Volume and Water Level
Precipitation, reservoir water level, reservoir volume, and water withdrawals for the year 2015
and 2016 are reported in Figure 3.
Precipitations in 2015 and 2016 have a similar pattern with two peaks during the year, in
February/March (217.8 mm, 2015; 335.2 mm, 2016) and in October/November (268.8 mm, 2015; 218.8 mm,
2016). The minima in precipitation were recorded during summer months (June–August) and in
December, with monthly values less than 7 mm. In comparison, the period of April–September had an
average rainfall of 75.4 mm/month and the two periods of January–March and October–November
with 189.8 mm. The amount of total precipitation was about 1293.6 mm in 2015 and 1519.2 mm in
2016, in accordance with the annual average rainfall on Apennines in the Emilia-Romagna region [42].
The characteristic of precipitation over the region is known to strongly depend on the season, with
a more intense seasonal cycle over the mountain area, where the precipitations peak is generally in
October [42].
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Figure 3. Rainfall ( m) and water level (m a.s.l.) on the left y-axes; reservoir volume and ater
withdraw (106 m3) on the right y-axes in 2015 a d 2016. The dash line ndicates the surface spillway
elevation at 559.60 m a.s.l.
The average water volume stored i the reservoir in 015 and 2016 was 24.2 × 106 m3, with
a maximum value of 33.1 × 106 m3 in March and April and a minimum of 12.5–15 × 106 m3 in
October–November. This seasonal dynamic (visible for a longer time series at http://www.romagnacque.
it/lacqua_in_diretta/diga_di_ridracoli/andamento_idrologico_annuo) fits the purpose of the reservoir
since it was built to store water for the water demand of the dry season.
The reservoir volume changed seasonally depending on the balance between inputs from direct
and indirect catchments (gutter pipe in Figure 1) and withdraw. The minimum volume coincides with
the period right after summer, which is characterized by an average withdraw of 5.2 × 106 m3 from
April to September. The main water withdraw occurred i this period in order to accommodate ater
demands for summer tourism and agricultural use (irrigation season goes from May to October [43])
with an amount of water of 32 × 106 m3 in 2015 and 30 × 106 m3 in 2016, and averages of 5.3
and 5 × 106 m3/month, respectively. Lower water withdrawals occurred fro autumn to winter
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(October–January), with average values of 3.4 and 2.9 × 106 m3/month. Sometime in March, due to
snow melting and intense spring rainfall, water reaches the maximum storage capacity and overflowed
from the dam (see peaks in Figure 3).
4.2. Physical Parameters
Air, surface water, and intake water temperatures are shown in Figure 4. As expected, air and
surface water temperatures at the reservoir show similar patterns, with maximum values in June
and July and minimum values in January and February. Air temperature has a minimum value of
2.3 ◦C and maximum of 23.4 ◦C, averaged over two years. Surface water temperatures show slightly
higher values than air, never below 6.8 ◦C, which reflects the heat storage capacity of lakes and water
reservoirs [44,45]. During withdrawal and transport downstream to the Capaccio facility, the intake
water temperatures decreased as shown by the differences in temperatures between the black and
green lines of Figure 4, the temperatures measured at the treatment plant were on average of 9.1 ◦C
with a standard deviation of 2.3 ◦C, whereas the surface water in the reservoir displayed an average
14.4 ◦C and a standard deviation of 6.7 ◦C.
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Figure 4. Temperature of surface water in the reservoir (black line), air at 2 m (red line), and water
intake the water treatme t plant (green line) in 2015 and 2016.
The maximum diff rence in temperature between surface and b ttom water was obs rved in July
(17.7 ◦C in 20 5 and 15.8 ◦C in 2016). Figure 5 shows a deep thermocline occurring in summer (June
and July). The stratificat on started in April wi h a 5–8 ◦C emperature gradient between surface and
deep cold w ter (around 8 ◦C). Solar heating of the water surface creates de sity gradients within lakes
and water reservoirs preventing efficient mixing of the water column with consequent stratification of
the water bodies [46]. Changes in physical and environmental conditions may manifest in a seasonal
stratification of the reservoir with cooler water layers at the bottom during summer months. In summer
the surface water is warmed up by solar heating and reaches 24 ◦C whereas bottom water remains to
about 8–9 ◦C. In the literature, these layers are classified as epilimnion, which is the first upper layer,
metalimnion (with sharp thermocline), and hypolimnion at the bottom [27,47].
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Figure 5. Reservoir t l g the water column.
In October, as the air tempe ature decreased, the surf c water temperatur s cooled down,
reducing progressively the differ ces between layers along the water column. After October, until the
war months, e tempera ure th oughou the vertical water c lumn w s almost constan , wi h o
stratification in epilimnion, metali nion, and hypolimnion.
In Figure 6 the concentrati n of dissolved oxygen (DO in mg/L) for the first 50 m of the water
column was reported. During December, January, and April DO shows the higher values ranging
constantly around 9–10 mg/L for the entire water column. The DO values started to decrease below
9 mg/L in June, July, and October and a clear minima in DO saturation appeared in October, when DO
concentration decreased until 0.6 mg/L from −30 m downward (grey line in Figure 6). This decreasing
in DO confirmed the reservoir stratification, indicating the trophic quality of the water body.
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Figure 6. Dissolved oxygen (DO, mg/L) d stribution along the water column in 2015 and 2016 for
each monitoring cam aign (6 per year). Th grey line on the October graph indi ates data collected
continuously along the ater column, down to the reservoir bottom, by the CTD probe.
4.3. Chemical Parameters
The su mary stati tics of the water samples considered in the present work is reported in
Table 2, subdiv ded according to the water sample ty e. All the samples were Ca-Mg HCO3
(bicarbonate-calcium-ma nesium water) according to Langelier-Ludwig [48] (Figure S1 in the
Supplementary Material). With median EC varying between 300 at 20 ◦C (Surface Water, Table 2)
and 315.5 µS/cm (Bottom water, Table 2), water could be classified as oligomineral [37] (Table 2). The
surface and bottom water were quite similar as concerns the major hydrogeochemical features. Some
differences appeared in the median values and maxima for NO2−, NH4+, and Mn higher in bottom
waters and NO3−, Fe, and Zn higher in surface water. The samples at the Capaccio water treatment
plant were quite comparable with the average reservoir, however indicating some differences in the
median values of Mn, Fe, and Al, which were higher in the Capaccio water.
Gibbs diagram (Figure 7) represents the ratio of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3−)
as a function of TDS, which is widely used to assess the functional sources of dissolved chemical
constituents, such as precipitation dominance, rock dominance, and evaporation dominance [49]. Our
samples fell in the rock–water interaction dominated waters, with limited dispersion, suggesting the
strong influence of carbonate minerals common in the catchment bedrock as a major factor controlling
water chemistry.
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Figure 7. Gibbs plot a: TDS vs Na/(Na + Ca), and b: TDS vs Cl/(Cl + HCO3) showing major processes
controlling water chemistry of the Ridr coli reservoir water.
The stratification of th reservoir shown by physic l parameters (Figures 5 and 6) could have an
effect on the vertical distribution of several elements (Figure 8). Fe and Mn had different behavior
compared to Al, K, and Mg, as shown in Figure 8. Profiles show surface, middle, and bottom
conce trations along the water column in the two p riods of the year: October 2015, when the reservoi
ha the smallest water volume (Figure 3) and the anoxic condition at the bottom (Figure 6); and April
2016, when the reservoir had at its maximum water storage and no oxygen stratification was recorded.
Water 2020, 12, 581 11 of 19
Table 2. Descriptive statistics (minimum, median, maximum, and median absolute deviation—MAD) of all water samples collected in the Ridracoli reservoir and
Capaccio water treatment plant. The first group refers to all water samples collected in the reservoir, while second and third groups refers to the same water samples
but divided into surface and deep samples, respectively. (To be noted: DO, EC, and Zn values of Capaccio water samples are missing because not measured; MAD
values are missing (‘n.a.’ in table) for samples with the majority of concentrations below detection limits).
Parameters
Average Reservoir Surface Water (0 m) Bottom Water (>−50) Capaccio Water Treatment Plant
Unit Min Median Max MAD Min Median Max MAD Min Median Max MAD Min Median Max MAD
Hardness
(CaCO3)
mg/L 156.0 174.5 197.0 9.0 156.0 170.0 184.0 7.0 165.0 181.0 197.0 9.3 151.8 160.0 13.9 6.1
T ◦C 5.4 8.7 25.2 4.7 6.8 13.7 25.2 6.7 5.5 7.7 10.1 1.2 6.3 8.6 13.9 2.3
DO mg/L 3.0 9.7 13.2 2.1 6.3 8.7 11.0 1.4 3.0 10.0 13.2 3.1 # # # #
pH 7.4 8.3 8.6 0.3 7.5 8.4 8.6 0.4 7.4 8.2 8.4 0.3 7.6 8.0 8.2 0.2
EC µS/cm 274.0 307.0 361.0 20.4 274.0 300.0 343.0 22.3 293.0 315.5 341.0 17.6 # # # #
TDS
mg/L
380.7 417.9 463.9 19.3 381.4 408.1 441.9 15.7 403.0 433.3 463.9 19.2 372.5 392.0 427.4 13.1
HCO3− 178.9 212.9 240.3 12.0 180.6 207.0 224.5 10.5 201.3 219.6 240.3 10.6 185.1 195.2 215.0 7.4
SO42− 20.0 23.0 25.0 1.4 21.0 23.6 25.0 1.5 20.0 22.9 25.0 1.4 19.6 22.6 25.3 1.3
Cl− 4.0 5.0 6.7 0.8 4.0 5.0 6.3 0.7 4.0 5.1 6.7 0.8 4.0 5.4 6.3 0.8
Na+ 5.0 6.0 8.0 0.9 5.0 6.0 8.0 0.9 5.0 5.9 7.0 0.8 5.3 5.7 7.0 0.5
Ca2+ 46.6 56.0 62.1 4.0 46.6 54.1 61.0 4.3 53.7 60.0 62.1 2.8 51.0 55.6 59.8 2.4
Mg2+ 8.6 10.9 12.0 1.0 9.0 10.7 12.0 1.1 9.6 10.9 12.0 0.9 10.0 10.6 11.5 0.4
K+ 0.2 1.0 3.0 0.8 1.0 1.0 3.0 0.9 0.9 1.0 3.0 0.8 1.1 1.3 1.5 0.1
NO2− <0.05 <0.05 0.18 n.a. <0.01 <0.05 <0.05 n.a. 0.02 0.10 0.18 n.a. <0.01 <0.01 0.04 n.a.
NO3− 0.71 1.56 2.00 0.49 1.44 1.56 1.68 0.17 0.71 1.25 1.79 0.76 1.06 1.45 1.65 0.15
NH4+ <0.05 0.05 0.08 n.a. <0.05 <0.05 <0.05 n.a. 0.05 0.06 0.08 n.a. <0.05 <0.05 <0.05 n.a.
Fe
µg/L
7.5 16.1 55.3 17.4 7.5 31.4 55.3 33.8 12.6 16.1 19.6 4.9 22.8 88.8 313.6 92.1
Mn <1 2.4 329.0 131.5 <1 18.5 36.0 24.7 1.1 165.1 329.0 231.9 2.5 12.2 85.4 25.8
Al 4.5 14.2 62.6 22.3 6.8 14.1 21.4 10.3 4.5 33.6 62.6 41.1 24.8 105.8 339.3 86.1
Zn 4.3 21.1 172.4 64.2 8.7 90.6 172.4 115.8 15.8 23.2 30.6 10.5 # # # #
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the late summer observation (October 2015), when water stratification was present, ranging from 
concentrations of 7.5 µg/L of Fe and <1 µg/L of Mn in surface waters to 19.6 and 329 µg/L to the 
bottom, respectively. Lower concentrations at the bottom could be found instead when the water 
column was not stratified (April 2016), ranging from of 55.3 µg/L Fe and 36 µg/L of Mn at the top to 
12.6 and 1.1 µg/L, respectively, showing opposite behavior.  
Other elements show different behavior along the water column and across the year than Fe and 
Mn. Al concentrations decreased along the column from 6.8 to 4.5 µg/L in October and increased 
towards the bottom in April 2016, from 21.4 to 62.6 µg/L.  
Other elements, such as K, Mg (Figure 8), Na, Cl, and Cu (Supplementary material, Table S1) are 
constant along the water column and during the whole year. Concentrations of as decreased in April 
when the water column was fully oxygenated, because it was absorbed onto Fe-Mn-oxyhydroxides. 
In the presence of reducing environment and relative absence of sulphur (S2− < 0.1), the high 
concentrations of Fe2+ and Mn2+ were in agreement with the presence in solution of As. 
Figure 9 shows a decrease in NO3− concentration (from 1.4 to 0.7 mg/L) in the late summer 
profile, coupled with the appearance of NO2− (from <0.05 to 0.18 mg/L) and traces of NH4+ (<0.05–0.1 
mg/L) in the deepest water samples. The reduced nitrogen species at the reservoir bottom was linked 
to the anoxic conditions and degradation of organic matter. On the contrary, when the water column 
was mixed, their concentrations were constant throughout the water column. 
Figure 8. Fe, Mn, Al, K, and Mg concentrations along the water column in October 2015 and April 2016
via Niskin bottle sampling.
The pattern for dissolved Fe and Mn elements shows a downward increase in concentration in
the late sum er observation (October 2015), when ater stratification as present, ranging from
conce trations of 7.5 µg/L of Fe and <1 µg/L of Mn in surface waters to 19.6 and 329 µg/L to the bottom,
respectively. Lower concentrations at the bot om could be found instea wh n the wa er column
was not stratified (April 2016), ranging f om of 55.3 µg/L Fe and 36 µg/L of Mn at the top o 12.6 and
1.1 µg/L, respectively, show ng opp site behavior.
Other lements show differ nt behavior along the t l acro s the year than Fe and
Mn. Al concentrations decreased along t e col fro 6.8 to 4.5 µg/L in October and increased
towards the bottom in April 2016, from 21.4 to 62.6 µg/L.
Other elements, such as K, Mg (Figure 8), Na, Cl, and Cu (Supplementary material, Table S1) are
constant along the water column and during the whole year. Concentrations of as decreased in April
when the water column was fully oxygenated, because it was absorbed onto Fe-Mn-oxyhydroxides. In
the presence of reducing environment and relative absence of sulphur (S2− < 0.1), the high concentrations
of Fe2+ and Mn2+ were in agreement with the presence in solution of As.
Figure 9 shows a decrease in NO3− concentration (from 1.4 to 0.7 mg/L) in the late summer profile,
coupled with the appearance of NO2− (from <0.05 to 0.18 mg/L) and traces of NH4+ (<0.05–0.1 mg/L)
in the deepest water samples. The reduced nitrogen species at the reservoir bottom was linked to the
anoxic conditions and degradation of organic matter. On the contrary, when the water column was
mixed, their concentrations were constant throughout the water column.
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Overall, water chemistry at the Ridracoli reservoir is controlled by rock weathering of the 
catchment (Figure 7). Weathering of the outcrop of sandstones and marl in the Bidente Catchment 
(Figure 2) is the responsible mechanism for the Ridracoli water chemistry. In addition to Ca2+ derived 
from the weathering of fine-grained lithologies, turbiditic unit of Marnoso-Arenacea formation 
(MAF), there are also sandstone beds enriched in carbonate [31], which have higher content of CaO 
than other turbiditic sandstone units present in the northern Apennines [50,51]. 
The Ridracoli water reservoir behaves as a monomictic lake that remains stably stratified 
through the summer season (Jul-Oct) and mixes from top to bottom during the cold season 
(November–Feburary, winter turnover). Thermal stratification (Figure 5) occurs in summer due to 
the much higher solar heating rate of the surface waters than the bottom waters. The upper reservoir 
Figure 9. NO2− 3−, and NH4+ (mg/L) profi es along th water column in October 2015 and
April 2016.
Thes changes in chemistry along t l n acro s the year affected the quality of water,
which reached the water treatment plant in a i . t t e treatment plant, the monitored intake
water chemistry di not show significant variatio i t e co centration of the majority of elements
analyzed during the year, except for Fe and n. Both ele ents show a significant increase in August
and September (Figure 10). The average Fe concentrations from August to October was 200 µg/L
that were more than double the average value of the remaining months (90 µg/L); Mn revealed a
similar trend with average of 58 µg/L in late summer against the average value of 12.6 µg/L in the
remaining months.
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5. Discussion
Overall, water chemistry at the Ridracoli reservoir is controlled by rock weathering of the
catchment (Figure 7). Weathering of the outcrop of sandstones and marl in the Bidente Catchment
(Figure 2) is th responsible m chanism for the Ridracoli water chemistry. In addition to Ca2+ derived
from the weathering of fine-grained lithologies, turbiditic unit of Marnoso-Arenacea f rmation (MAF),
there are also sandstone beds enriched in carbo ate [31], which have higher content of CaO than other
turbiditic sandstone units present in th northern Apennines [50,51].
The Ridracoli water reservoir behaves as a ictic lake that remains stably stratified
through the summer season (July–October) and mixes from top to b ttom during the cold season
(November–Feburary, winter turnover). tification (Figure 5) o curs in su mer due to
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the much higher solar heating rate of the surface waters than the bottom waters. The upper reservoir
water (epilimnion) becomes warmer than the bottom waters (hypolimnion) and the boundary between
these layers (metalimnion) turns into a thermocline. The thermocline and the density difference act
as a barrier limiting the water column mixing [46,52] and the diffusion of heat and DO between the
epilimnion and the hypolimnion [53]. Thermal stratification begins in summer and remains stable
throughout autumn until the surface waters cool sufficiently that the homogenization of the water
temperature occurs, starting from the top (first 25–30 m). The reservoir becomes isothermal and the
water column can fully mix once more. The mechanism for stratification is driven by the temperature
that induces density difference between the different layers.
Strong thermal stratification also increases the strength of the thermocline as a barrier to the
transport of oxygen from the epilimnion to the hypolimnion, limiting processes of vertical mixing [13].
Dissolved oxygen (DO) is a key indicator of the “health” of a reservoir [53], with high DO concentrations
in both the hypolimnion and epilimnion being associated with good health. During the thermal
stratification period, DO concentrations decreased as shown in Figure 6, reaching hypoxia and
eventually anoxic values (max 0.6 mg/L from CTD probe in October 2015) at the reservoir bottom.
During the stratification condition, cold and dense water trapped at the bottom between sediment and
an upper less dense layer, alters its chemistry and leaches or absorbs elements [13]. The occurring
additional process at the reservoir bottom is the organic matter degradation that under oxygen depletion
occurs using other oxidizing agents, different from oxygen [54]. In fact, denitrification processes occur
causing a decrease in NO3− and an increase in NO2− and NH4+ concentrations (Figure 9), along
with depletion of dissolved and freely available oxygen [55–57]. In addition, insoluble metal oxides,
such as those of Mn and Fe, can be involved as secondary oxidizing agents during organic matter
degradation thus leading to a release of soluble reduced forms in solution (Fe and Mn in Figure 8).
When the hypolimnion becomes re-oxygenated again, the metal oxides form and precipitate down
into the sediment once more. Heavy metal adsorption (i.e., As in Table S1 of Supplementary Material)
by insoluble Fe-Mn-oxyhydroxides and precipitations can occur at this stage [58,59] and explains
the downward depletion in concentrations during homogeneous water column (April) compared to
stratification condition (October; Figure 8 and Table S1 in the Supplementary Material). Equilibrium
is established between the soluble and insoluble components where the soluble component tends to
diffuse up along the column, towards the oxygenated water, where it is oxidized to the insoluble form.
These dynamics in the reservoir induce a series of chemical reactions that change water column
chemistry through the year and consequently the water reaching the treatment plant [60,61]. The cyclic
monthly patterns of Fe and Mn concentrations observed at the Capaccio treatment plant (Figure 10)
is the direct consequence of water column stratification-mixing processes occurring in the reservoir:
higher concentrations of soluble reduced forms in solution during late summer and fall, and lower
concentration in winter and spring due to water mixing and development of oxic conditions, which
cause precipitation of insoluble Fe-Mn-oxyhydroxides.
When reservoir water quality issues affect their resource management, some points need to be
considered. The maximum withdrawal of water coincides with the summer season (Figure 3), when
anoxia is developing and Fe2+ and Mn2+ concentrations starts increasing. This also coincides with the
lowest water level period, when it is no longer possible to withdraw from the upper intake at 540 m
a.s.l., but the deepest intake at 490 m a.s.l. has to be used. From April to October the volumes of
stored water, is more than halved and the water level significantly decreases from about 557 (78 m
deep water column) to about 532 m a.s.l. (55 m deep water column). This decrease affects the intake
water chemistry that is withdrawn from the spot close to the bottom layer (sketch in Figure 1), enriched
in Fe2+ and Mn2+.
The Fe and Mn limits for drinking water in Italy are 200 and 50 µg/L, respectively (D. Lgs.
2 February 2001, n. 31; [62]). These thresholds are occasionally exceeded (Figure 10) leading to the
implementation of further water oxidation, clariflocculation, and filtration processes at the Capaccio
treatment plant with an increase in operational costs.
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The reservoir water quality can be managed by altering operating regimes, changing water uses,
blending waters of varying quality [63], as well as by diversifying the depths of the withdrawals valves
in order to avoid selective draw-induced stratification and create a forced mixing of the water column.
In the short time, the installation of new water intakes at different depth to seasonally modify the
withdrawal depth and accommodate the intra-annual variability of water quality seems to be the more
feasible solution for the studied reservoir.
Other interventions could prevent anoxic water discharge, forcing the artificial mixing of
oxygenated upper water with the bottom water or increase the DO in the bottom water thanks
to external input of oxygen [64,65]. Another alternative is the positioning of floating mats on the water
surface by leading vegetables to accumulate the analytes of concern thanks to specific plants [66,67],
even if it seems more suitable for shallow reservoir.
Attention should also be paid on the siltation phenomenon that trapping the sediments at the
bottom will fill, over time, the reservoir. The continuous decrease of reservoir depth will bring
hypolimnion much closer to the deepest water intake that is used in the summer period. In the future,
this phenomenon could lead to a worsening of the water quality reaching the treatment plant.
Finally, it has also to be considered that the water quality assessment of a wide reservoir
through only one monitoring site cannot be seen as representative for the entire basin; for this reason
monitoring network based on multiple sampling sites would be recommended for the entire reservoir
quality assessment.
6. Conclusions
The seasonal changes in water chemistry of the Ridracoli artificial basin, the main water reservoir
of the Emilia-Romagna region (Northeast Italy) was investigated due to an extended and integrated
database of physical and chemical parameters.
First of all, based on the water analysis we could conclude that Ridracoli was a good quality
reservoir for drinking water purposes. However, thermal stratification of the reservoir played a central
role in water quality throughout the year, with consequent implication for water treatment. Due
to thermal stratification, reservoir water quality changed seasonally due to absorption and release
processes, equilibrium between soluble and insoluble components (i.e., Fe and Mn), nitrification and
denitrification processes, and organic matter degradation.
Two different conditions were identified in the reservoir: (I) a short period (August–November),
during which the reservoir had the annual minimum water storage (12–15 × 106 m3) and the water
column shows marked thermal stratification and an anoxic layer at the bottom; (II) a long period
(December–July) during which the water volume started to increase till its maximum (33 × 106 m3), the
stratification totally disappeared and the oxic condition was constant along the water column. In the
first condition, a consistent release of Mn2+ and Fe2+ and an increase in NO2− and NH4+ concentrations
(denitrification) occurred at the bottom water. During the second period, the water column was
homogenous in temperature and DO concentration, and the bottom enrichment in Mn2+ and Fe2+
disappeared due to Fe-Mn-oxyhydroxides precipitation.
From a management point of view, these dynamics affected the quality of water reaching the
downflow treatment plant of Capaccio, which purifies and distributes water for about one million of
people during the tourist summer season. When the limits of Fe and Mn concentrations are exceeded
(after summer season) the treatment plant has to implement further water treatment and purification
processes with an increase in costs.
The comprehension of the seasonal stratification and its related effects on bottom water
geochemistry will allow one to implement management practices in order to reduce costs of further
purification processes. The installation of new water intakes at several depths operating in different
periods of the year in order to accommodate the intra-annual variability of water quality seems to be
the most feasible solution for the artificial basin. Other alternatives include the use of artificial water
column mixing or external input of oxygen to solve the anoxic condition at the bottom. More attention
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should also be paid on the water monitoring system; considering the reservoir extension, multiple
sampling sites, and sediment–water interface monitoring campaigns would be recommended to fully
assess the water quality and better characterize the release and absorption processes under different
redox condition.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/581/s1,
Figure S1: Langelier-Ludwig classification diagrams of Ridracoli and Capaccio waters; Table S1: Major and trace
element concentrations of Ridracoli and Capaccio water samples.
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